• Introduction The accurate estimation of stem taper and volume are crucial for the efficient management of the forest resources. Compatible segmented polynomial taper and volume equations were developed for Brutian pine (Pinus brutia Ten.), Lebanon cedar (Cedrus libani A. Rich.), Cilicica fir (Abies cilicica Carr.), Scots pine (Pinus sylvestris L.), and Black pine (Pinus nigra Arnold.).
Introduction
Brutian pine (Pinus brutia Ten.), Scots pine (Pinus sylvestris L.), Lebanon cedar (Cedrus libani A. Rich.), Cilicica fir (Abies cilicica Carr.), and Black pine (Pinus nigra Arnold.) are major commercial tree species in Turkey. There are nearly 11.64 million ha of commercial Brutian pine (about 5.4 million ha), Scots pine (1.24 million ha), Lebanon cedar (about 0.5 million ha), Cilicica fir (about 0.3 million ha), and Black pine (4.2 million ha) forest in Turkey, accounting for almost half of the total forest land with a current standing volume of approximately 750 million m 3 (Anonymous 2006). These tree species are an important source of raw material for the forest products industry in Turkey.
With ever-changing market conditions, there is a need to accurately estimate tree volumes to different upper stem merchantability limits. This is not currently possible with the existing local volume tables for these five species. One of the most accurate approaches to estimating upper stem diameter and volume to any merchantability limit is through the use of compatible volume and taper models (Kozak 2004; Jiang et al. 2005) . Although merchantable volume equations developed from volume-ratio equations are very easy to use and develop, those obtained from taper functions are generally preferred probably because they also allow estimation of diameter at a given height (Dieguez-Aranda et al. 2006) . As reported by Li and Weiskittel (2010) ; the advantage of estimating volume through taper equations over existing volume tables lies in the ability of taper equations to accurate predict total height (th) diameter over bark (dob) or diameter inside bark (dib) at any given height of individual trees, hence allowing the acquisition of merchantable volume information to any desired specification.
Numerous tree taper models of various forms and complexity have been published (Max and Burkhart 1976; Kozak 1988 ; Thomas and Parresol 1991; Newnham 1992; Fang et al. 2000 ; Lee et al. 2003) indicating the importance of the subject in forest management and at least two approaches are used with success today. One expresses variable form as a single continuous polynomial. The other expresses variable form utilizing a segmented polynomial in such a way that bole is divided into segments which are then joined at inflection points between segments (Fang and Bailey 1999) .
Taper systems do not have widespread use in Turkey and different standard volume equations developed (Alemdağ 1962 (Alemdağ , 1967 Evcimen 1963; Gulen 1959 ) over five decades ago are still the most common tool used for estimating the volume of the five tree species described in this paper. Several studies have been carried out to test the suitability of different taper models for describing the stem profile and predicting stem volume of different tree species at the regional level in Turkey (Yavuz and Saraçoğlu 1999; Sakıcı et al. 2008; Brooks et al. 2008 ). However, additional work is needed in this area to refine volume estimation. As reported by Kozak and Smith (1993) : a well behaved taper equation should not only give unbiased estimates of dib or dob with minimum variance, but also have flexibility to adapt to a wide variety of species and give accurate predictions of stem volume. Therefore, it is necessary and beneficial to further study the characteristics of taper equations and extend their use to other species besides the ones for which they were originally developed.
Ideally, a volume estimation system should be compatible, i.e., the volume of the tree bole is obtained through the integration of the taper model from the ground to the top of the bole and should be equal to the actual stem volume (Demaerschalk 1972; Clutter 1980) . A total volume equation is very easy to use and is therefore preferred when classification of the products by merchantable size is not required. In comparison with single and segmented taper models, a variable-form taper model usually provides the lowest degree of local bias and the greatest precision in taper predictions (Kozak 1988; Newnham 1992; Sharma and Zhang 2004) . However, the disadvantages of variable-form taper models are that they cannot be integrated analytically to calculate total stem or log volume and merchantable height for a given top diameter; it must be obtained by iteration (Kozak and Smith 1993) . Jiang et al. (2005) reported that segmented polynomial models appear to be more accurate than other model formulations for estimating diameter, height, and volume estimation. In this study, we used this second approach to develop a segment stem taper model based on form-class segmented taper model presented by Clark et al. (1991) . Several studies have compared some of the more commonly employed taper models. For example, Clark et al. (1991) found that their form-class profile model was superior to the Max and Burkhart (1976) model, the Cao et al. (1980) model, and Schlaegel's (1983) form class model. Figueiredo-Filho et al. (1996) evaluated five taper models for estimating diameters along the stem for predicting merchantable or total volume. Most of the statistics indicated that the segmented form-class model of Clark et al. (1991) performed best for describing the stem profile and predicting stem volume in their study. Li and Weiskittel (2010) compared ten widely used stem taper profile models for predicting both diameter and total stem volume in the Acadian Region of North America. They found that the segmented taper equation of Clark et al. (1991) provided the best predictions across all species when upper stem diameter measurements were available for stem volume.
The objective of this research was to develop a compatible volume system based on the Clark et al. (1991) taper model form that accurately describes the stem profile throughout the main bole and provides accurate estimates of the tree volume to any upper stem merchantability limit for five commercially important tree species in Turkey. We evaluated a widely recognized, reliable, and flexible taper model form published by Max and Burkhart (1976) . In addition, total tree volume estimates, based on the proposed models, were compared to existing total stem volume tables and the combined variable equation of Spurr (1952) which was fit to the same data.
Materials and methods
In total 248 Brutian pine, 124 Lebanon cedar, 196 Cilicica fir, and 162 Black pine were felled in even-aged forest areas of Isparta Forest Region and 95 Scots pine were felled in evenaged forest areas of Erzurum Forest Regions in Turkey, on land owned by The Turkish Forest Service. Sample trees were selected to ensure a representative distribution from both the dominant and co-dominant crown classes across a range of height and diameter classes in even-aged sawn-timber stands. Trees possessing multiple stems, broken tops, obvious cankers or crooked boles were not included in the sample. Trees were felled and total height was measured to the nearest 0.03 m. Diameter over bark (dob) at breast height (1.3 m) was measured and recorded to the nearest 0.25 cm. Diameter over bark was also measured at 0.3, 2.3 m and then at intervals of 1 m along the remainder of the stem. In each section, two perpendicular diameters over bark were measured and then arithmetically averaged. Actual volumes and section volumes in cubic meters were calculated using the overlapping bolts method as described by Bailey (1995) .
The scatter plot of relative diameter against relative height was examined visually for each species to detect possible anomalies in data. Extreme data points were observed in all species, therefore the systematic approach, proposed by Bi (2000) for detecting abnormal data points was applied to increase the efficiency of the process. This involved local quadratic fitting with a smoothing parameter of 0.25 for all species, which was selected after iterative fitting and visual examination of the smoothed taper curves overlaid on the data. Using this approach, the number of extreme values accounted for less than 0.2% of data for all species. The plots of relative height against relative diameter used for this study, together with the loess regression line, are shown in Fig. 1 . Approximately 25% of sample trees were selected at random and used as the validation data set, while the rest were used for model fitting. All trees with total height less than 5.3 m were eliminated because they could not be used to fit the Clark et al. (1991) model. Summary statistics for the both data sets are shown in Tables 1 and 2. The following notation will be used hereafter. Other definitions specific to a particular equation will be listed with the equation: The Clark et al. (1991) taper function has the following form: The volume equation, derived through integration of the Clark et al. (1991) taper equation, is of the form: 
Four indicator variables for taper function were defined as follows:
The combined variables used in this model are as follows: The following indicator variables were used for the volume model: Diameter at 5.30 m is a required input variable for these taper and volume equations. In this study, diameters at 5.30 m were initially obtained through actual field measurements (Model 1) and then predicted (Model 2) for each tree species using the proposed equation by Clark et al. (1991) (Eq. 3) . The effect of utilizing a prediction function for this variable was evaluated as part of this study. Clark et al. (1991) proposed the following equation to estimate diameter at 5.30 m:
Parameter estimates for Eq. 3 and Models (1) and (2) are displayed in Table 9 for the entire data set.
The proliferation of taper models over the last 5 decades provides a wide variety of models that could be used to compare performance. Results of several applications indicates that for estimating diameter, height, and volume, the Max and Burkhart (1976) model appears to be more accurate than many other model formulations (Cao et al. 1980; Martin 1981) .
This equation is of the form:
where
The volume equation, derived through integration of the Max and Burkhart taper equation, is of the form:
h l is the lower height of interest (m) and h u is the upper height of interest (m).
Forest managers and researchers require simple methods of estimating tree volume for harvested trees and for those still standing. Volume equations have been used as one of the means to estimate tree and stand volumes, and have played a vital role in forest inventory, management and silvicultural research (Teshome 2005) . Nowadays, there are many different forms of volume equations both linear and non-linear form. One of the most common forms is Spurr's volume equation for a linear combined variable model (Bi and Hamilton 1998) . This equation has the form:
Variables are as previously defined.
Criteria of model evaluation
In this study we follow the recommendation by Kozak and Smith (1993) to evaluate the models. The statistics used to compare the models were average bias (B), the standard error of the estimate (SEE) and a fit index (FI). These evaluation statistics are defined: To concurrently minimize taper and volume errors, both equations were fitted simultaneously using the SAS PROC MODEL (SAS Institute 2002; Thomas et al. 1995) . All parameters were shared by both the taper and volume equations. After an initial evaluation to determine whether individual species equations were justified, the models were independently fitted to the data for each of the five commercial species. Correlated error structure in the data was not taken into account in SAS MODEL procedure. Prediction accuracy is little affected by the correlated error structure, even when the correlated errors structure is accounted for in the equation fitting process (Williams and Reich 1997; Kozak 1997; Parresol 1999) . Parameter estimates by model number for all tree species are displayed in Table 9 . In comparisons, we used only results of model 1.
Results

Taper models
All parameters for each equation were found to be significant at the 0.0001 level. For each compatible taper and volume equation, overall statistics of fit (B, SEE, and FI) for the entire merchantable stem were calculated and are presented in Table 3 for dob by tree species. The B was positive for taper models and four tree species, which indicates that diameter was underestimated except for Black pine. The results indicate that the Clark et al. (1991) model was superior to the Max and Burkhart model (1976) in predicting dob. Equation 1 explained more than 98% of the total variation for predicting upper stem diameter for all tree species. Most residuals clustered around 0 (Fig. 2) , indicating that the model was unbiased and there was no apparent increase in error variance with increasing tree size. Tables 4 and 5 . Average B and SEE were calculated for each equation by relative height class along the merchantable stem and used to evaluate taper and volume estimates for all tree species. The results indicated that Eq. 1 performed better than Eq. 4 for each section and did not exhibit large variation in any section when estimating dob. For relative height class 50-80%, Eqs. 1 and 4 showed larger standard errors of the estimate than at other height intervals. This relative height class is associated with point that was equivalent to the base of the live crown for most sample trees in all tree species. However, SEE in predicting diameter was relatively small near the bottom of the bole for all tree species. The proposed equations showed consistent sectional performance for each species in the validation data set. Overall, biases and average errors (SEE) were lower in validation data set than the model development data set for the five species.
Volume predictions
The Clark et al. (1991) compatible cubic meter volume function was compared to the compatible volume equation published by Max and Burkhart (1976 (Table 10 ). The performance of this model was compared to the Clark et al. (1991) model using the validation data set. A plot of total volume residuals for these models indicated that differences were minimal for Brutian pine. However, Spurr's volume model prediction errors for the other tree species were found to be larger than those for the Clark et al. (1991) model (Fig. 3) . Total volume residuals for tested models in Fig. 3 are given only for Brutian pine, Cilicica fir, and Black pine. The Spurr's model overestimated volume for all tree species but had the lowest average bias of all models for volume over bark The all class for B and SEE are calculated as overall mean Table 5 Bias and standard error of the estimate of diameter over bark by relative height (RH) class for five tree species using Eq. 4 RH The all class for B and SEE are calculated as overall mean Table 6 Bias and standard error of the estimate of total volume by relative height (RH) class for five tree species using Eq. 2 The all class for B and SEE are calculated as overall mean Table 7 Bias and standard error of the estimate of total volume by relative height (RH) class for five tree species using Eq. 5 RH The all class for B and SEE are calculated as overall mean (Table 8) . One possible reason might be that large positive and negative biases cancelled each other resulting in a low average bias. Therefore, SEE was used to further evaluate the performance of these models. The models with the lowest SEE are considered best as suggested by Jiang (2004) . The results indicate that the volume systems of Clark et al. (1991) performed better than Spurr's volume equation, which clearly overestimated the volumes of the largest trees (Fig. 3) . In order to assess the performance of the proposed equation relative to the existing total volume tables for Brutian pine (Alemdağ 1962) , Lebanon cedar (Evcimen 1963) , Cilicica fir (Bozkuş and Carus 1997) , Scots pine (Alemdağ 1967) , and Black pine (Gulen 1959) total volume estimates were compared with actual bole volumes based on the validation data set. For all trees in the validation data set, the proposed Clark et al. (1991) model and the Spurr model exhibited lower bias and SEE than existing volume tables (Table 9 ). These differences were small for Scots and Lebanon cedar but for Cilicica fir, the SEE for the proposed model was more than one-quarter the size of that for the existing volume table. On the other hand, Spurr's volume equation, predictions of total volume were slightly better than currently employed volume tables for all tree species (Table 8) .
Finally, the proposed taper and volume models were refit to the entire data set (model fitting and validation data sets). The resultant parameter estimates by species are provided in Table 9 .
Discussion
Taper equations are invaluable tools in forestry, but selecting an appropriate model that works well across multiple species and various stand conditions can be difficult because of the variety of forms that are currently available. In this study, of five economically important five tree species in Turkey, we Li and Weiskittel (2010) . Across the species, the taper equation of Clark et al. (1991) was identified as the most reliable and accurate taper equation for prediction of both dob and total stem volume. According to Kozak and Smith (1993) , both practical and statistical considerations should be taken into account when choosing a taper estimating system for operational applications. Both biases and standard errors of estimate should be evaluated for all attributes of interest. Also, the biases and standard errors of estimate should be evaluated for different portions of the stem. The overall statistics of fit (B, SEE, and FI) and residual plots for the entire merchantable stem were calculated and presented in Table 3 and Fig. 2 for the equations tested. The results indicate that the Clark et al. (1991) model explained more than 98% of the total variation for predicting upper stem diameter, indicating a good agreement between observed and predicted dob for all tree species.
In comparison to the Max and Burkhart (1976) , Jiang et al. (2005) found that the Clark et al. (1991) reduced the standard error of estimate by 16-23% in predicting dob and dib (diameter inside bark) of yellow-poplar. In predicting dob and volume in this study, Clark et al. (1991) The Clark et al. (1991) model performed better than currently employed volume tables when estimating merchantable volumes, particularly the larger top diameter merchantability limits. This is a good characteristic from a practical or economic point of view. For all trees in the validation data set, the proposed model Equation 2 exhibited lower bias and SEE than current volume tables. In addition to providing as good or better total volume estimates, the proposed models can also be utilized to predict product volumes to any desired top diameter limit and permit multi-product volume estimation for the same tree, a feature not supported in the existing total stem volume tables. However, in addition to requiring as input the diameter at breast height (DBH) and total height, the Clark et al. (1991) model form requires the diameter at 5.30 m. Although it is now easier to estimate this variable in the field using equipment such as the Criterion RD 1000 (Laser Technology Inc., Centennial, CO, USA), a prediction equation was presented to estimate this variable. Our results indicate that although the estimates were less accurate when this variable is predicted rather than measured, the results were still more accurate than the Max and Burkhart (1976) model form, the Spurr (1952) combined variable volume equation (Table 10) , or the existing standard volume tables for these species. Similar results were also reported by Figueiredo-Filho et al. (1996) and Jiang et al. (2005) .
Based on the results obtained, it is recommended that the Clark et al. (1991) taper and compatible volume models be considered for operational use for Brutian pine, Lebanon cedar, Cilicica fir, Scots pine, and Black pine in Turkey.
